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ABSTRACT

The Arizona Department of Water Resources has developed a
numerical groundwater flow model of groundwater basins of the
Prescott Active Management Area. The model was developed to
evaluate Predevelopment groundwater conditions (circa 1940), and
developed groundwater conditions from 1940 through 1993. The model
simulates groundwater flow through and between the Lower Volcanic
Unit and the Upper Alluvial Unit aquifers.

Analysis of groundwater conditions circa 1940 indicates that
natural recharge and natural discharge were in long-term balance
(steady-state conditions), and were each about 7,000 acre-feet per
year. Analysis of transient groundwater conditions from 1940
through 1993 indicates that a total of about 860,000 acre-feet of
groundwater was pumped from the aquifers of the Little Chino and
Upper Agua Fria sub-basins. \Additional groundwater discharge of
about 320,000 acre-feet occurred as spring flow at Del Rio Springs,
stream baseflow along the Agua Fria River near Humboldt, and as
groundwater underflow to the Big Chino sub-basin north of Del Rio
Springs.

The estimated groundwater recharge for 1940-1993 from
incidental, natural, and artificial sources was about 770,000 acre-
feet. The volume of water removed from aquifer storage during the
period 1940-1993 was estimated at about 410,000 acre-feet. The
estimated annual overdraft for the period 1980-1993 was about 6,000

acre-feet per year.
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EXECUTIVE SUMMARY

This modeling study provides an improved understanding of the
hydrologic system of the Prescott AMA based on the collection,
analysis, and utilization of large amounts of geologic and
hydrologic data. The data analysis has provided conceptual models
of the predevelopment and developed groundwater systems. These
analyses have shown that the groundwater system was in a long-term
state of equilibrium (steady—state) up until about 1940. Beginning
about 1940 the equilibrium of the groundwater system was disrupted
by the introduction of significant agricultural pumpage in the
Little Chino sub-basin. Due to.the lack of significant groundwater
development it 1is believed that near-equilibrium conditions
probably persisted in the Upper Agua Fria sub-basin until about the
mid-1960's.

From 1940 to the mid-1970’'s or early 1980’s increasing
groundwater withdrawls, principally for agriculture, caused water-
levels to decline throughout most of the model area, to a maximum
of about 70 to 80 feet in the Little Chino sub-basin. Beginning in
the late 1970’s the rate of water level decline decreased in many
parts of the model area. In some areas water levels stabilized or
actually began to rise. The recent stabilization of water levels in
some wells is not interpreted to indicate a return to steady-state
conditions within the model area. The stabilization trend is
believed to be a transient phenomenon which reflects the
groundwater system’s temporary adjustments to .a new, reduced
pumpage regime, and a period of increased precipitation, and
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increased natural recharge from major flood flows. Water budget
analysis indicates that groundwater overdraft continues in the
Prescott AMA under present conditions (see Tables 10 and 11).

The data collection and analysis efforts provided sufficient
information to conceptualize and develop a numerical computer model
of the steady-state and transiént groundwater systems. The model
was calibrated to the steady-state conditions (circa 1940), and the
transient conditions from 1940 to 1993. The accuracy of the
calibration was gaged using statistical error analyses on model
predicted water levels, comparisons of model simulated and actual
well hydrographs, and comparisons of model simulated and conceptual
water budget components. The evaluation of model results indicated
that the model reasonably replicated measured water levels and
groundwa-er fluxes in most parts of the model area. Based on these
results it is appropriate to believe that the model will provide

reliable predictions of future groundwater conditions.
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RECOMMENDATIONS

During the course of the modeling study it became apparent
that several data deficiencies existed which 1limited the
conceptualization and modeling of the groundwater system. The
following recommendations are made in order to improve these
deficiencies:

1) Collect more annual water level data in the model area.

This model study relied heavily on the annual water level data
which is measured and collected by the ADWR-Basic Data Section.
Future model updates and statutorily mandated assessments of "safe-
yield" conditions will require the number of regularly measured
"index" wells to be increased. Specific recommendations to
increase the number of wells measured per year have been made as a
part of a new Prescott AMA Groundwater Monitoring Program which is
currently being developed by the AbWR.

2) Install stream gages on important drainages in the Prescott
AMA .

Current stream gage data is absolutely vital to the analysis
of groundwater recharge and discharge in the model area. This
modeling study has demonstrated the relative importance of natural
recharge and natural discharge as components of the annual
groundwater budget. Recently a continuous recording stream gage
was installed by the ADWR on Little Chino Creek below Del Rio
Springs. This gage will provide current spring discharge data
which have been collected only on a sporadic basis since 1945. The

gage at Del Rio Springs represents the first of several gages and
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monitoring devices which are to be installed throughout the

Prescott AMA as part of the proposed Groundwater Monitoring

Program.

3) Collect more aquifer test data.

The model calibration and sensitivity analysis indicated that
the hydraulic conductivity, and storativity data were among the
most influential of the various model input data. In many parts of
the model area such data were unavailable and the model inputs were
therefore estimated. In tﬁe interests of continued model
improvement it is recommended that these data be collected for
future analysis when new well pump tests are performed.

4) C,, age-dating, and other geochemical analyses should be con-
ducted on groundwater samples collected from the volcanic
aquifer and on spring water from Del Rio Springs.

C,, age-dating of groundwater samples from the Lower Volcanic
Unit aquifer and from Del Rio Springs would provide valuable data
concerning the age of groundwater which would be compared to model
simulated particle-tracking estimates of the resident-time required
for groundwater to flow from recharge areas to points of natural
discharge (such as Del Rio Springs). These comparisions would
provide completely independant data concerning the model’s

predictive accuracy.
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CHAPTER ONE - INTRODUCTION

I. INTRODUCTION

The Arizona Department of Water Resources’ Prescott Active
Management Area is located in Central Arizona (Figure 1). The
Prescott Active Management Area (AMA) is one of four AMAs which
were established by the Groundwater Management Act of 1980. The
Active Management Areas are areas in which intensive groundwater
management 1is required to address the impacts on groundwater
supplies due to extensive groundwater withdrawls.

The management goal of the Prescott AMA is to achieve "safe-
yield* by the year 2025, or earlier. The safe-yield goal is
defined as the condition where éroundwater withdrawls do not exceed
recharge to the aquifer-system within the AMA. To achieve the
safe-yield goal the AMA has established several groundwater
management programs which include: 1) groundwater quality
assessment and managment, 2) agricultural conservation, 3)
municipal conservation, 4) industrial conservation, 5) augmentation
and reuse. |

In order to evaluate the potential impacts of these programs
towards achieving safe-yield the Arizona Department of Water
Resources (ADWR) has developed a regional groundwater flow model of
the Prescott AMA. The study began in 1993 with activities designed
to characterize the geology and hydrology of the model area.

The model study area was restricted to the groundwater basin area

of the Prescott AMA (Figure 1). The surrounding mountainous area
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of the AMA provided a physical Eoundary to much of the groundwater
flow system.

Recent activities have included the construction, calibration,
and evaluation of a three-dimensional groundwater flow model of the
study area. Future activities will involve the utilization of the
groundwater flow model to simulate future groundwater conditions

based upon projected water use scenarios.

II. GOALS AND OBJECTIVES

The primary goal of the Prescott AMA groundwater modeling
study was to develop an analytical tool capable of quantifying the
effects of various groundwater management and conservation programs
on the groundwater supplies within the study area. This goal was
achieved by establishing and fulfilling a set of intermediate goals
“which included: 1) conduct a comphrehensive collection and
compilation of all current and historic hydrologic, geologic, and
land use data, 2) develop a three-dimensional groundwater flow
model, 3) identify areas of data deficiency and model limitations
that need to be addressed in future model updates, 4) develop
recommendations to guide and improve future data collection
efforts, and model updates. As the previous discussion indicates,
it is the intention of the ADWR to re-visit and improve the model

as time and new data allow.



III. PURPOSE AND SCOPE

The purpose of the report is to describe the geology and
hydrology of the groundwater basin area of the Prescott AMA.
The report documents the data collection, data analysis, and model
construction phases of the model study. The report also provides
recommendations concerning future model updates, improvements, and
uses. Additionally, the report also describes the conceptual and
numerical models which have been developed of the groundwater flow
system of the model area. Temporally, the report covers the
Predevelopment groundwaﬁer flow system circa 1940, and the

developed groundwater water flow system (1940-1993).

IV. MODEL AREA

The Prescott AMA includes 485 square miles in central Yavapai
County, Arizona. The AMA is comprised of the Little Chino (LIC)
and Upper Agua Fria (UAF) groundwater sub-basins. The model covers
the groundwater basin portion of the AMA which is about 220 square
miles (Figure 1). The model does not cover the mountainous area of
the AMA.

The model area includes the towns of Dewey, Humboldt, Prescott
Valley, and Chino Valley (Figure 1). The City of Prescott is
located outside the model area in the bedrock foothills region
immediately north of the Bradshaw Mountains. Although the City of
Prescott is outside the model area, the population of the City of
Prescott relies on groundwater pumped from thelaquifers of the
Little Chino sub-basin. 1In 1990, the population of the Prescott
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AMA was abbut 57,000 (ADWR, 1993). The Arizona Department of
Economic Security projects that about 135,000 people will reside in

the AMA by the year 2025 (ADWR, 1993).
V. PREVIOUS INVESTIGATIONS

The hydrology and geology of the model area has been studied
and described by several researchers. One of the most informative
geological reports on the area was provided by Krieger (1965) of
the United States Geological Survey (USGS). This report provides
a detailed discussion of stratigraphy and structure along with a
brief description of the geography, physiography, and mineral and
water resources of the Prescott and Paulden USGS Topographic
Quadrangles. Other useful reports include the USGS report on the
geology of the Mingus Mountain gquadrangle (USGS, 1958), and Lehner
(1958) who reported on the geology of the Clarkdale quadrangle.
Anderson and Creassey (1967) produced a geologic map of the Mingus
Mountain quadrangle.

Schwalen (1967) descibed a groundwater study of the artesian
area of the Little Chino‘Valley (Figure 1) which was conducted by
the Agricultural Experiment Station at the University of Arizona.
The Schwalen (1967) report provides a detailed and valuable
description of the geology, hydrology, streamflow data, and
groundwater development of the Little Chino sub-basin from 1940-
1965. The report was subsequently updated by Matlock, Davis, and
Roth (1973) to cover groundwater use and development from 1966-

1972.



Over the years the USGS and the ADWR have conducted annual
water level measurement, and water quality sampling surveys.
Littin (1981) of the USGS produced maps showing groundwater
conditions in the Agua Fria aréa in 1979. Other USGS reports and
maps of the general area include: The ADWR report by Remick (1983)
contained maps showing groundwater conditions in the Prescott AMA
in 1982.

Wilson (1988) reported on the water resources and hydrogeology

,0f the northern part of the Upper Agua Fria area including the
Upper Agua Fria sub-basin. Other geologic and hydrologic reports
on the model area may be found referenced in the ADWR "Bibliography
of Selected Reports on Groundwater in Arizona", by Remick (1987).
Additional USGS reports and activities may be found referenced in
the USGS "Activities of the Water Resources Division in Arizona,

1986-91", by Spicer and Van De Vanter (1993).

VI. SOURCES OF WATER LEVEL DATA

The collection and analysis of water level data was an
essential part of the model study. Water level data were collected
and analyzed for the period 1940-1993. Water level maps which were
prepared from the data aided in the conceptualization of the
groundwater flow system. The water level data and water level maps
were also used to provide numerical model inputs and calibration
standards.

The availability of water level data was quite variable

throughout the model area. Water level data were readily available



in the agricultural area of the Little Chino sub-basin (Figure 1)
where an organized study of groundwater conditions and water level
measurements was begun in 1937 by the University of Arizona
Agricultural Engineering Department. However, in most other areas
of the Little Chino and Upper Agua Fria sub-basins little
groundwater development has occurred, and consequently fewer water
level data available, especially for the earlier years.

For the most part, water level data were derived from the ADWR
Ground Water Site Inventory (GWSI) database. Information stored in
the GWSI database consists of water levels and other related data
which are measured or collected by the ADWR Basic Data Section and
by personnel from the USGS. Additional water level data were
derived from driller’s log' descriptions of *first water"
encounters, and reports of static water levels recorded at the time

of drilling.
VII. SOURCES OF HYDROGEOLOGIC DATA

The extent and character of the groundwater basins in the
model area were determined through a detailed analysis of geologic
and hydrologic data. The main sources of geologic data were
driller’s logs, and gravity data. Hydrologic data, such as aquifer
transmissivities and storativities, were derived from application
of the Drillers Log Program (Long and Erb, 1980), flow net

analysis, specific capacity measurements, and pump test data.



Well Log Data

Drillers’ well logs provided the major source of geologic data
in the model area. Over 800 drillers’ logs were reviewed during
this study to help delineate the vertical and areal extent of the
aquifer-system within the model area.

Although many logs were examined, it should be recognized that
many logs were of questionable quality, and there were many areas
where log data were unavailable (Figure 2). Additionally, most
wells were not drilled to bedrock, thus total aquifer thicknesses

were necessarily inferred from other data.

Gravity Data

Gravity data were used to make geologic interpretations in
many parts of the model area. Due to the total lack of wells in
many areas it was essential to use gravity information to estimate
bedrock depths and aquifér thicknesses where no other data were
available. The gravity data utilized included the Depth-to-Bedrock
Map (Prescott) by Oppenheimer and Sumner (1980), and the Complete
Residual Bouger Gravity Anomaly Map (Prescott) by Lysonski, and
others (1981).

Drillers’ Log Program

The Drillers’ Log Program (DLP) was used to provide preliminary
estimates of hydraulic conductivity (K), aquifer transmissivity
(T), and specific yield (SY). The DLP utilizeslthe relationship
between driller’s 1lithological descriptions and Thydraulic
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conductivity, and specific yieid which has been described by Long
and Erb (1980), and Kisser and Haimson (1981). 1In many areas the
DLP estimates were the sole source of aquifer parameter data. The

locations of wells where the DLP was applied are shown in Figure 2.

Flow Net Analysis

In addition to the DLP, flow net analysis was also utilized to
provide additional estimates of transmissivity within the model
area. The flow net analysis was performed using the 1940 water
level map to provide estimates of the steady-state transmissivity
distribution. The results of the flow net analysis were used in
conjunction with the results of the DLP and specific capacity

analyses to provide initial estimates of hydraulic conductivity.

Specific Capacity Measurements

Specific capacity data were used to provide general estimates
of the potential range of transmissivities of volcanic formations
found in the Little Chino sub-basin. Specific capacity data were
also uséd to espimate the transmissivity of alluvial deposits in
the Upper Agua Fria sub-basin. The use of specific capacity data
to estimate aquifer transmissivity is based on an application of

the Cooper-Jacob equation (1946):

S = 264*Q log 0.3*T*t (1)
T r’s

where

drawdown (ft) ,

yield of the well (gpm)
transmissivity of the well (gpd/ft)
time of pumping (days)

radius of well (ft)

HRa30on
I T I TR |



storage coefficient of the aquifer
specific capacity (gpm/ft of drawdown)

S
Q
s

The application of the Cooper-Jacob equation (1946) is based
on the direct relationship between specific capacity and aquifer
transmissivity for an individual pumping well. As shown 1in

Driscoll (1986, Appendix 16.D.) Equation 1 may be rearranged and

solved in terms of specific capacity:

Q = T (2)
S 264*1log0.3*T*t
rs

Applying typical values for the'assumed variables such as t=1 day,
r=0.5 ft, T=30,000 gpd/ft, and S=.001 for a confined aquifer the
specific capacity of the confined aquifer is given by the equation:

Q=_T (3)
s 2000

It should be noted that the use of this relationship presumes an
average aquifer transmissivity of 30,000 gpd/ft, however as pointed
out in Driscoll (1986), the value of assumed transmissivity appears
in the log term of Equation 2, and even if the assumed value of
transmissivity was increased to 120,000 gpd/ft the divisor in
Equation 3 would only increase to 2,133 (a difference of less than
7 percent). The transmissivities of volcanic and alluvial deposits
were estimated by applying Equation 3 to specific capacity data
which were compiled by Schwalen (1967, Table 6). The locations of
wells where specific capacity data were available are shown in

Figure 2.
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Pump Test Data

Pump test data were available for only a few wells in the
model area. Pump test data were supplied for a water supply well
in the Chino Valley area (Gookin, and Associates, 1987), and from
hydrogeologic reports covering the Del Rio Springs area (Gookin,
and Asscciates, 1977), the eastern section of Lonesome Valley
(Sebenick, 1989), and the Upper Agua Fria sub-basin (Water
Resources Associates, 1992). Estimates of aquifer parameters
provided from the pump test data were used to supplement estimates
provided from the other previously mentioned sources of
hydrogeologic data. The locations of wells with available pump

test data are shown in Figure 2.
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CHAPTER TWO - THE HYDROGEOLOGIC SYSTEM
I. REGIONAL SETTING: GEOGRAPHY, PHYSIOGRAPHY, AND CLIMATE

The Prescott AMA groundwater model area is located in central
Arizona. The model covers the groundwater basin portion of the
AMA, an area of approximately 220 square miles (Figure 1).

The model area is located within the Transition Zone of the
Basin and Range physiographic province as defined by Fenneman
(1931) . The model area is typified by gently rolling or undulating
topography with broad sloping alluvial fans which were formed at
the base of the surrounding hills or mountains. Land surface
elevations range from about 4,450 to 4,900 feet in the basin area
of the model to over 7,000 feet in the Black Hills and Bradshaw
Mountains.

A surface drainage divide bisects the model area forming a
topographic boundary between the Little Chino and Upper Agua Fria
groundwater sub-basins (Figure 1). Runoff from the Little Chino
sub-basin flows northward to the Verde River, while runoff in the
Upper Agua Fria sub-basin flows southward to the Agua Fria River.

Native Vegétation varies from high desert grasslands in the
basin areas to coniferous forests in the surrounding mountains.
Annual precipitation varies from about 12 inches per year at the
Town of Chino Valley, to about 19 inches per year at Prescott
(EarthInfo, 1994). The average daily temperatures range from about

22°F to 57°F in January, and from about 50°F to 89°F in July (ADWR,
1991).
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II. HYDROGEOLOGIC FRAMEWORK

Part of the information presented in this section was derived
from the reports by Krieger (1967), Schwalen (1967), Remick (1983)
Wilson (1988), and others. However, a 1large part of the
information which will be presented was developed by the authors of

this report.
Geologic Structure

The Prescott AMA model area is located in the Transition Zone
geomorphic province of central Arizona. The Little Chino
groundwater sub-basin comprises the northern portion of the model
area, and the Upper Agua Fria groundwater sub-basin comprises the
southern portion (Figure 1).

The geologic structure of the model area is characterized by
a deep structural trough which trends north-northwest for a
distance of about 25 miles from near Humboldt in the southern part
of the Upper Agua Fria sub-basin to near Del Rio Springs in the
northern part of the Little Chino sub-basin. The trough is filled
with alluvial, sedimentary, and volcanic rocks of Quaternary and
upper Tertiary age (Figure 3).

The trough appears to have formed due to basin-and-range
faulting and warping which created a downdropped structural basin
in the northern and eastern portions of the Little Chino and Upper
Agua Fria sub-basins. The trough is bounded to the east by the
Coyote fault that forms the western edge of 'the Black Hills
(Wilson, 1988). Vertical offset on the Coyote fault is estimated
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by Krieger (1965) to range from 0 feet at Humboldt to about 1,200
feet southwest of the Indian Hills (Figure 3). 1In the northern
part of the Little Chino sub-basin the trough is bounded by a late
Cenozoic fault (Figure 3) which has been informally referred to as
the Del Rio Springs fault (Ostenaa, and others, 1993, p. 23). The
vertical offset on the Del Rio Springs fault is estimated by
- Ostenaa (1993) to be at least 1000 feet. The floor and sides of
the trough consist of low-permeability igneous and metamorphic

rocks.
Rock Units

A wide variety of rock types are found in the model area. 1In
this modeling study the numerous rock types have been grouped into
three hydrogeologic model units which have similar hydrologic .
properties. From oldest to youngest, the units are the Basement
Unit (BU), the Lower Volcanic Unit (LVU), and the Upper Alluvial
Unit (UAU). The geologic structure and stratigraphy of the model
area is shown in generalized geologic cross-sections A-A’ to E-E’

(Plate 1).
Basement Unit

The Basement Unit is composed of a wide variety of crystalline
or foliated igneous and metamorphic rocks that are generally dense,
nonporous, and nearly impermeable (Wilson, 1988). Common Basement
Unit rock types include granite, diorite, gabbro, schist,

metavolcanics, and metasediments. The unit is equivalent to the
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Basement Unit defined by Wilson (1988)

The Basement Unit forms the impermeable floor and sides of the
structural groundwater basins and is exposed at the land surface
throughout the mountainous areas which surround the basins. In the
Little Chino sub-basin the Basément Unit generally underlies the
Lower Volcanic Unit. In the Upper Agua Fria sub-basin the Basement
Unit generally underlies the Upper Alluvial Unit. Although minor
volumes of water are produced from Basement Unit wells outside the
modeled area, the unit is not regarded as an aquifer for modeling

purposes.
Lower Volcanic Unit

The Lower Volcanic Unit is of Tertiary age, and overlies the
Basement Unit in the northern half of the model area. The unit is
composed of a thick sequence of basaltic andbandesitic lava flows
which are interbedded with layers of pyroclastic and alluvial
material. The lava flows which comprise the Lower Volcanic Unit
are differentiated from other younger, and shallower volcanic flows
described in many well logs ;hroughout the model area. These
younger flows seem to lack continuity and appear to be restricted
to old stream channels cut into the alluvium (Water Resources
Associates, 1992).

Confined conditions are observed in the Lower Volcanic Unit
aquifer in the northwestern section of the Little Chino sub-basin.
These conditions are primarily caused by the thick sequence of

fine-grained alluvial and pyroclastic materials which overly the
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Lower Volcanic Unit, and serve as an aquitard which restricts the
vertical movement of groundwater. In some areas the volcanic flows
probably also serve as aquitards. However, in most locations it
was not possible to determine which type of material serves as the
main confining layer, because of the highly interbedded nature of
the materials and the general lack of knowledge concerning the
exact depth at which confined conditions were first encountered.

Groundwater flow in the Lower Volcanic Unit occurs primarily
through fractures, cavities or vugs in the volcanic deposits, and
also through the interbedded, coarse-grained alluvial materials,
such as sands and conglomerates. The Lower Volcanic Unit forms a
highly productive (artesian) confined aquifer which has been
clearly delineated from well lpgs in the northwestern section of
the Little Chino sub-basin (Townships 16 and 17 North, Range 2
West). Many large-discharge (1,000 to 3,000 gal/min) irrigation
wells tap the confined zone of the Lower Volcanic Unit in this
area. 1In the past, many wells drilled into the Lower Volcanic Unit
flowed at ground surface. However, the hydrostatic pressure of the
Lower Volcanic Unit has declined substantially from earlier
periods, and only a few flowing wells remain.

The extent of the Lower Volcanic Unit in the eastern part of
the Littlie Chino sub-basin is not well known, however its existence
in that area has been inferred from the available well logs, and
gravity data. Some wells completed in volcanic flows overlying
bedrock about two to three miles west of the Indian Hills have

large specific capacities (Sebenik, 1989). Additionally, the
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interpretation of water level data suggests that the Lower Volcanic
Unit recieves groundwater recharge in the southern and eastern
parts of the Little Chino sub-basin.

The southern extent of the Lower Volcanic Unit is probably
limited to the Little Chino sub-basin. However, recently a deep,
large-capacity production well (3000 gal/min) was drilled into
volcanic rocks in the Prescott Valley area of the Upper Agua Fria
sub-basin (Wellendorf, 1994). Undoubtly, this well has penetrated
well-fractured, and/or vesicular volcanic flows. However, the high
degree of fracturing or vesicularity may only be a local feature.
At this time, the available well data do not indicate the presence
of a major artesian aquifer-system in the Upper Agua Fria sub-
basin. The approximate areal extent and top elevation contours of
the Lower Volcanic Unit are shown in Figure 4.

The total thickness of the Lower Volcanic Unit is not well
known, except at a few locations where wells have been drilled
through the unit’s entire thickness. Although the total thickness
of the Lower Volcanic Unit is not well known, the productive
thickness of the unit is probably only a few hundred feet. This
estimate is based on the average depth-of-penetration of water
wells which tap the Lower Volcanic Unit, and from depth-to-bedrock
maps produced from gravity data (Oppenheimer and Sumner, 1980).

The transmissivity of the.Lower Volcanic Unit in the confined
area of the Little Chino sub-basin has been estimated using the
relation between specific capacity and transmissivity which was

described earlier in this report. The estimated transmissivities
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in the Lower Volcanic Unit ranged from less than 5,000 to about
110,000 Feet?/day. The estimated average Lower Volcanic Unit
transmissivity was about 25,000 Feet?/Day.

At this point it is important to remember that the hydraulic
conductivity and overall transmissivity of the Lower Volcanic Unit
is highly dependent upon the presence of fractures and cavities,
and there is substantial spatial variabilty in the distribution of
these features. Because of the heterogeneities, zones of
exteremely high and low transimissivity may exist in close
proximity. Therefore, the estimated average Lower Volcanic Unit
transmissivity of 25,000 Feet?/Day should be taken only as an area
average and not necessarily representative of any specific
location, especially outside the well-defined artesian zone in the
northwestern portion of the Little Chino sub-basin.

The Driller’s Log Program was used to provide estimates of the
specific yield of the Lower Volcanic Unit which ranged from .03 to
.08. The storage coefficent. of the Lower Volcanic Unit was

estimated from published data to be about .0001 (Fetter, 1988).

Upper Alluvial Unit

The Upper Alluvial Unit is composed of a heterogenous mixture
of sedimentary, volcanic, and younger alluvial rocks. The unit
includes Quaternary and Tertiary sedimentary rocks described by
Krieger (1967), and the informal sedimentary, volcanic, and basin-
£ill units defined by Wilson (1988). The exposed sedimentary rocks

in the southern part of the model area consist of fanglomerate, mud
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flows, and some interbedded volcanic tuff around the margins; in
the interior of the basin sedimentary rocks include channel gravel,
sand, silt, clay, marl, and some rhyolite tuff (Krieger, 1967, P.
71) In the northern portion of the Little Chino sub-basin many
logs contain descriptions of clays, volcanic ash, and conglomerate.
Many of the sedimentary rocks are believed to be of Tertiary age,
and have textures and bedding structures which indicate lacustrine
origin (Krieger, 1967).

Volcanic rocks found in the Upper Alluvial Unit are generally
deposited as thin, discontinuous flows which have limited vertical
and areal extent. As mentioned earlier, the volcanic flows found
in the Upper Alluvial Unit appear to have been deposited in ancient
drainages, and are differentiated from the extensive volcanic flows
and deposits which comprise the Lower Volcanic Unit of the Little
Chino sub-basin.

The Upper Alluvial Unit also contains recent alluvium which is
younger than the Tertiary sedimentary rocks. The recent alluvial
deposits consist of unconsolidated to moderately consolidated sand,
gravel, silt, clay, and conglomerate. 1In many locations the recent
alluvium is indistinguishable from the older sedimentary rocks.
The recent alluvium is found at the land’s surface in most
locations in the basin.

Due to the limited availability of sub-surface geologic data,
it was not possible to further sub-divide the various rock types of
the Upper Alluvial Unit into seperate hydrogeologic model units.

The similarity in hydraulic characteristics between the older
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sedimentary rocks and the younger alluvial rocks, combined with the
limited extent of volcanic rocks supports this decision.

The saturated Upper Alluvial Unit deposits form an unconfined
aquifer which is areally extensive throughout the model area
(Figure 5). Locally, confined‘aquifer conditions may be found in
a few areas where overlying fine-grained sediments or lava flows
restrict vertical groundwater flow. However, these areas have
limited areal extent. As noted in previous sections, the limited
availability of well logs, and other sub-surface geological data
(Figure 2) made it necessary to infer much about the areal extent,
thickness, and hydrologic character of both the Lower Volcanic and
Upper Alluvial Units. Keeping these uncertainities in mind, it is
believed that the Upper Alluvial Unit overlies the Lower Volcanic
Unit in most of the Little Chino sub-basin, and overlies the
Basement Unit throughout most of the Upper Agua Fria sub-basin.
The estimated elevation of the base of the Upper Alluvial Unit is
shown in Figure 4.

Production capacities vary substantially for Upper Alluvial
Unit wells. In many instances the yields are governed more by pump
size than the aquifer’s ability to produce water (Remick, 1983).
In the Little Chino sub-basin the Upper Alluvial Unit has been
tapped mainly by shallow domestic wells with limited pump sizes.
Most of these wells yield about 10 to 30 (gal/min). In the Upper
Agua Fria sub-basin the Upper alluvial Unit has been tapped by
municipal, agricultural, and domestic wells. ‘Well yields are

greatest in the Prescott Valley area, where larger wells yield from
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100 to 1,750 (gal/min) (Wilson, 1988), and one recently drilled
well has a reported yield of 3000 (gal/min) (Wellendorf, 1994).
Well yields decline to the south, but are more than 100 (gal/min)
in the Dewey and Humboldt areas (Wilson, 1988).

" The hydraulic conductivity of the Upper Alluvial Unit was
estimated using the Driller’s Log Program. Estimated hydraulic
conductivities ranged from about 1 to 200 feet/day. The average
Upper Alluvial Unit hydraulic conductivity was about 9 feet/day.
The DLP estimates of specific yield ranged from about .03 to .18 ,

with an average of about .06.
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CHAPTER THREE - THE SURFACE WATER SYSTEM
I. SURFACE WATER - GROUNDWATER RELATIONSHIPS

The surface water and groundwater systems of the Prescott AMA
are interconnected at several important locations of the model
area. The surface water system is characterized by numerous
ephemeral streams that head in the mountains surrounding the
groundwater basin area of the Prescott AMA (Figure 6). The streams
carry snow melt and rainfall runoff from the mountains to the
groundwater basins of the model area.

Typically, much of the ephemeral streamflow which reaches the
groundwater basins infiltrates and recharges the underlying
groundwater system before exiting the basins. However, some
streamflow does exit the model area, when unusually high runoff
conditions occur. Areas of ephemeral stream channel infiltration
and groundwater recharge are discussed in detail later in this
report.

The surface water and groundwater Ssystems are also connected
at the northern and southern ends of the groundwater basins where
groundwater is discharged as spring baseflow at Del Rio Springs,
and along a baseflow reach of the Agua Fria River near Humboldt.
The springs occur because stream channels have been cut down into
the shallow, unconfined Upper Alluvial Unit aquifer at those
locations, and groundwater is discharged to the surface water
drainage system. These areas of groundwater discharge are

discussed later in the report.
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II. SURFACE WATER DRAINAGE - GENERAL CHARACTERISTICS

The surface water drainage in the model area divides along a
low-lying, east-west trending topographic high which marks the
boundary between the Little Chino and Upper Agua Fria groundwater
sub-basins (Figure 6). In the Little Chino sub-basin surface water
runoff which is not recharged, diverted, or otherwise consumed
eventually drains northward through the surface drainage system to
the Verde River (Figure 6). Sufface water runoff in the Upper Agua

Fria sub-basin drains southeast to the Agua Fria River.
III. SURFACE WATER DRAINAGE - LITTLE CHINO SUB-BASIN

The Little Chino sub-basin is drained by five main streams:
Granite Creek, Willow Creek, Lonesome Valley Draw, Little Chino

Creek, and Big Draw (Figure 6).
Granite Creek

Granite Creek is an‘epheméral stream which heads in the
Bradshaw Mountains south of Prescott (Figure 6). In 1915 a dam was
constucted on Granite Creek at Granite Dells to provide water-to
the Chino Valley Irrigation District (CVID). The reservoir created
by the dam, Watson Lake, usually impounds all of the runoff to

Granite Creek.
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TABLE 1
SUMMARY OF SURFACE WATER FLOW DATA IN THE PRESCOTT AMA
(FIGURES ROUNDED TO NEAREST 100 ACRE-FEET)

LOCATION

GRANITE ANNUAL INFLOW 1933 4800 | 2300 600 19300
CREEK TO WATSON TO

LAKE (1) 1947
WILLOW ANNUAL INFLOW 1933 1400 | 900 500 4800
CREEK TO WILLOW TO :
CREEK RES. (1) | 1947
DEL RIO ANNUAL 1940 2800 | 2800 2300 | 3400
SPRINGS DISCHARGE (2) TO
1945
DEL RIO ANNUAL 1984 2400 | 2200 1400 | 4200
SPRINGS DISCHARGE (3) TO
1989

AGUA FRIA | ANNUAL
RIVER AT BASEFLOW (3)
HUMBOLDT

Notes:

1) Source: Schwalen (1967), Table 5, page 20.

2) Source: Schwalen (1967), Table 9, page 47.

3) Based on quarterly streamflow measurements made by

Arizona Department of Water Resources, Basic Data
Section (ADWR, 19944d).

Stream flow measurments were made on Granite Creek at the
inflow to Watson Lake from 1933 to 1947 (Table 1). During that
period the average annual inflow to Watson Lake was approximately
4,800 acre-feet, and the median annual inflow was approximately
2,300 acre-feet.

From 1958 through 1987 the City of Prescott discharged

effluent to Granite Creek from the Sundog Waste Water Treatment
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Plant (WWTP). Over the years,‘the volume of effluent discharged
increased as the population of Prescott grew. The effluent
discharges ranged from about 1,100 acre-feet in 1958 to about 2,800
acre-feet in 1987 (Prescott, 1993). The average annual effluent
discharge for the 1958-1987 period was 2,900 acre-feet, with a
median discharge of 1,800 acre-feet (?rescott, 1993).

Until 1988, most runoff and effluent discharges were stored in
Watson Lake, and subsequently diverted by the Chino Vvalley
Irrigation District. Since 1988, effluent has not been discharged
to Granite Creek. Instead, the effluent has been recharged in
infiltration ponds at a groundwater recharge facility located near
the Prescott Municipal Airport.

Normally, controlled releases of water from Watson Lake flow
ﬁorth in Granite Creek for approximately 1.5 miles to a point where
the flow is diverted into a mostly unlined canal by the Chino
Valley Irrigation District. waever, in times of unusually high
precipitation, Watson Lake may fill and spill water into Granite
Creek.

Water flowing in Granite Creek below the CVID diversion
usually infiltrates before it can flow 12 miles northward across
the Little Chino sub-basin, and exit the basin floor into the low-
lying volcanic hills approximately 4 miles northeast of the Town of
Chino Valley. Flows in Granite Creek eventually join the Verde

River about 2.5 miles southeast of Paulden.
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Willow Creek

Willow Creék is an ephemeral stream which heads in the Sierra
Prieta Mountains west of Prescott (Figure 6). 1In 1937, a dam was
constructed on Willow Creek near Granite Dells to increase the
supply of irrigation water to the Chino Valley Irrigation District.
Stream flow measurements were made on Willow Creek from 1933
through 1947 and are summarized in Table 1. Between 1933 and 1947
the average annual inflow to the Willow Creek Reservoir was 1,400
acre-feet with a median annual inflow of 900 acre-feet.

The Willow Creek Dén\ and reservoir normally impound the
runoff to Willow Creek. Controlled releases of the stored water
flow apprdximately one mile north in Willow Creek to the point
where Willow Creek joins Granite Creek. Controlled flows on Willow
Creek are usually diverted to the CVID canal just upstream of theb
confluence with Granite Creek. Any flow past the CVID diversion

follows the channel of Granite Creek.

Lonesome Valley Draw

Lonesome Valley Draw is an ephemeral stream which drains the
eastern half of the Little Chino sub-basin (Figure 6). Lonesome
Valley Draw forms the major north-south drainage in the Lonesome
Valley area. Lonesome Valley Draw carries runoff from sevefal
small ephemeral streams which originate in the Indian Hills and
Black Hills areas to the east. - Ephemeral flows in Lonesome Valley
Draw either infiltrate of flow north-northwest énd join Granite
Creek near the location where Granite Creek enters the low-lying
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volcanic hills northeast of the Town of Chino Valley. Stream flow
data is unavailable for Lonesome Valley Draw, however flows are

believed to be low due to the limited draipage area.

Little Chino Creek

Little Chino Creek is an ephemeral stream in its upper reach
which drains the west-central portion of the Little Chino sub-basin
(Figure 6). Little Chino Creek heads in the southwestern section
of the Little Chino sub-basin, and flows due north through the
Chino Valley Irrigation District and the Del Rio Springs area.

At Del Rio Springs groundwater is discharged at the land
surface in a series of springs. Spring discharge provides
essentially permanent baseflow conditions in Little Chino Creek
below the springs. Spring discharge data are available for the
periods 1940 to 1946, and 1984 to 1989 (Table 1). During the
1940’'s both the mean and median discharges from Del Rio Springs
were about 2,800 acre-feet per year. By the mid-1980‘s the mean
and median spring discharges had decreased to about 2,400 and 2,200
acre-feet per year, respectively.

Little Chino Creek flows northward from Del Rio Springs for
approximately 3 miles tb Sullivan Lake near Paulden. Sullivan Lake
is a small, man-made lake constructed to control the head cutting

of the Verde River into the lower portion of the Big Chino Valley.
Big Draw
Big Draw is an emphemeral stream which drains the extreme
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western section of the Little Chino sub-basin (Figure 6). Big Draw
heads in the foothills of Granite Mountain and flows northeast to
join Little Chino Creek about a mile north of Del Rio Springs.
Streamflow data is unavailable for Big Draw, however flows are

believed be very low due to the small drainage area.
IV. SURFACE WATER DRAINAGE - UPPER AGUA FRIA SUB-BASIN

The Upper Agua Fria sub-basin is drained by three main
streams: the Agua Fria River, Lynx Creek, and Yeager Canyon Wash

(Figure 6).
Agua Fria River

The Agua Fria River is an ephemeral stream in its upper reach
near the Town of Prescott Valley, approximately 7 miles northeast
of the City of Prescott (Figure 6). Runoff in the upper Agua Fria
River flows south through the center of the Upper Agua Fria sub-
basin to a location near Humboldt where the river exits the basin
floor into volcanic and metamorphic rock formations.

Approximately one-half mile north of Humboldt perennial stream
conditions occur as the groundwater surface (water table)
intersects the channel of the Agua Fria River. The gaining stream
conditions in that location are due to the constriction and pinch-
out of the Upper Alluvial Aquifer against the impermeable,
enclosing Basement Unit. The mean and median baseflow along the
perennial reach of the Agua Fria River near Humboldt was about

1,100 acre-feet per year from 1981 through 1993 (Table 1). A
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previous study of long-term baseflow conditions on the Agua Fria
River near Mayer indicates that base flows along the Agua Fria
River and its tributaries during the 1981 water year probably were
the greatest since 1942 (Wilson, 1988). In 1981, baseflow at

Humboldt was about 1,000 acre-feet per year.
Lynx Creek

Lynx Creek is an ephémeral stream which heads in the Bradshaw
Mountains south of Prescott (Figure 6). Lynx Creek is dammed
approximately 4 miles southeast of the City of Prescott. Lynx
Lake, which is formed by the dam, is used for recreational
purposes, and impounds much of the runoff to Lynx Creek. Annual
peak stream flow measurements were made on a small tributary to
Lynx Creek from 1967 through 1976, however annual streamflow data
are unavailable for the main stream itself.

During times of high runoff the dam may spill water to the
normally dry channel of Lynx Creek. Flows below the dam either
infiltrate in the sand and gravels of the streambed, or travel ap-
proximatly 10 miles northeast to the central part of the Upper Agua

Fria sub-basin where Lynx Creek joins the Agua Fria River.

Yeager Canyon Wash

Yeager Canyon Wash is an ephemeral stream which heads in the
Black Hills near Mingus Mountain (Figure 6). Yeager Canyon Wash
drains much of the mountainous, northeastern portion of the Upper

Agua Fria sub-basin. Streamflow in the wash either infiltrates or
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is carried to the confluence with Agua Fria River just east of the
Town of Prescott Valley. No streamflow data is available for

Yeager Canyon Wash, however flows are believed to be low due to the

limited drainage area.
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CHAPTER FOUR - CONCEPTUAL MODEL OF THE HYDROLOGIC SYSTEM

I. THE AQUIFER SYSTEM

Figare 7 is a conceptual diagram which illustrates the basic
features of the groundwater system in the model area. Figure 7
shows that the Upper Alluvial Unit and Lower Volcanic Unit aquifers
occur in the Little Chino sub-basin, while the Upper Alluvial Unit

aquifer occurs in most of the Upper Agua Fria sub-basin.

The Upper Alluvial Unit Aquifer

Thick, saturated, sedimentary, and volcanic deposits fill the
deep structural trough which trends northwest-southeast across the
entire length of the Little Chino and Upper Agua Fria sub-basins
(Figu re 3). As mentioned earlier the deposits are collectively
referred to as the unconfined Upper Alluvial Unit aquifer which
extends throughout the model area.

The saturated rocks of the Upper Alluvial Unit constitute the
main, unconfined aquifer in the model area. For the most part,
natural recharge to the Upper Alluvial Unit aquifer occurs through
infiltration of runoff in ephemeral stream channels and along the
mountain fronts of the model area Figure 7. 1In agricultural areas
(mainly in the Little Chino sub-basin) infiltration from canals and
from excess irrigation water recharges the Upper Alluvial Unit
aquifer. Additional recharge also occurs from the infiltration of
treated effluent at the City of Prescott’s artificial recharge

facility which is located near the Prescott Airport (Figure 6).
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FIGURE 7

CONCEPTUAL MIODEL OF GROUNDWATER FLOW IN THE PRESCOTT AMA NIDEL AREA
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Natural discharge from the Upper Alluvial Unit aquifer occurs
at three locations in the model area. In the Little Chino sub-
basin natural discharge occurs as spring flow at Del Rio Springs,
and as underflow through the narrow gap in the bedrock hills
located just northwest of Del Rio Springs (Figure 1). 1In the Upper
Agua Fria sub-basin natural discharge occurs as perennial baseflow
along the channel of the Agua Fria River near Humboldt (Figure 6).

Discharge from the Upper Alluvial Unit aquifer also occurs
through groundwater pumpage. In the agricultural area of the
Little Chino sub-basin (Figure 1) numerous small-capacity domestic
wells tap the Upper Alluvial Unit aquifer, while most irrigation
wells tap the deeper Lower Volcanic Unit aquifer. Outside the
agricultural area of the Little Chino sub-basin the Upper Alluvial
Unit aquifer is the major source of groundwater, however it should
be noted that many domestic wells do tap fractured volcanic or

crystalline rocks around the margins of the sub-basins.

The Lower Volcanic Unit Aquifer

A thick unit of vesicular volcanic flows interbedded with
saturated alluvial and pyroclastic materials underlie the main
Upper Alluvial Unit aquifer in much of the Little Chino sub-basin
(Figure 3). These interbedded volcanic, alluvial, and pyroclastic
materials are designated as the Lower Volcanic Unit aquifer in this
report, however they are the same deposits which were described by

Schwalen (1967) as the "artesian" aquifer of the Little Chino
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Valley. -

Natural recharge to the Lower Volcanic Unit aquifer occurs
mainly through infiltration of runoff in ephemeral stream channels
and along the mountain fronts of the model area (Figure 7). In
unconfined areas, where the overlying Upper Alluvial Unit aquifer
is unsaturated, recharge may directly reach the water table in the
Lower Volcanic Unit aquifer through deep percolation. In other
areas, where the Upper Alluvial Unit aquifer is saturated, and
confining layers do not exist, récharge may reach the Lower
Volcanic Unit aquifer through vertical groundwater flow. In other
small areas, basalt outcrops at land surface, and precipitation may
move downward through openings and crevices and ultimately reach
the watertable in the volcanic aquifer (Schwalen, 1967).

Some recharge to the Lower Volcanic Unit aquifer occurs from
canal seepage and the City of Prescott'’s artificial recharge
project in the southwestern portion of the Little Chino sub-basin.
Some recharge to the Lower Volcanic Unit aquifer also occurs in the
the main agricultural area of the Little Chino sub-basin during the
summer irrigation pumping season. During the summer pumping season
the hydraulic head in the confined area of Lower Volcanic Unit
aquifer is reduced to levels which permit some downward vertical
flow and recharge from the overlying Upper Alluvial Unit aquifer.

During the non-pumping winter months the heads in the Lower
Volcanic Unit aquifer recover to levels which are generally higher
than the heads in the overlying Upper Alluvial Unit aquifer, and no

downward vertical flow occurs. It should be noted that the
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presence of intervening confining layers in the artesian area of
the Little Chino sub-basin aléo restricts the vertical flow of
groundwater, in either direction, between the two aquifers.
Natural discharge from the Lower Volcanic Unit aquifer occurs
at two locations in the Little Chino sub-basin. Near Del Rio
Springs the hydraulic head in the Lower Volcanic Unit aquifer is
greater than the head in the overlying Upper Alluvial Unit aquifer,
and groundwater flows upward from the Lower Volcanic Unit aquifer
to eventually become spring flow. Some groundwater underflow in
the Lower Volcanic Unit aquifer may also leave the model area
through the bedrock gap located just northwest of Del Rio Springs.
Since the 1940’s groundwater pumpage has been the major source
of discharge from the Lower Volcanic Unit aquifer of the Little
Chino sub-basin. As previously mentioned, the Lower Volcanic Unit
aquifer of the Little Chino sub-basin has supplied most of the
irrigation and municipal water which has been pumped in the model

area.
II. THE PREDEVELOPMENT HYDROLOGIC SYSTEM (CIRCA 1940)
Predevelopment Groundwater Conditions

Prior to 1940 steady-state conditions characterized the
groundwater flow system of the model area, long-term groundwater
inflows were in approximate balance with long-term outflows, and
water levels remained essentially constant with time. The
assumption of equilibrium conditions was propdsed. by Schwalen
(1967) who stated that the recharge to the artesian basin (Little
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Chino) reached approximate equilibrium with natural discharge prior
to the construction of dams on Granite Creek and Willow Creek in
1915 and 1937. sSchwalen (1967) noted that there was no appreciable
pumping in the Little Chino sub-basin between 1915 and 1937, and no
evidence that the visible outflow from the artesian basin was
affected by the storage of water on Granite Creek by the Chino
Valley Irrigation District. Additionally, Schwalen (1967) asserted
that if there were an effect, the 22-year period was probably
sufficent to establish a new level of equilibrium.

The assumption that equilibrium conditions existed in the
Upper Agua Fria sub-basin prioi to the 1940’s is also reasonable.
In fact, it is likely that near equilibrium conditions generally
persisted in the Upper Agua Fria sub-basin until sometime in the
1960’s because there was little development prior to that time.

The predevlopment (circa 1940) hydrologic system of the
Prescott AMA has been studied to serve as the time-frame for the
steady-state calibration of the groundwater flow model. The
various components of groundwater inflow and outflow have been
identified and analyzed for the predevlopment hydrologic system.
The inflow components included ephemeral stream channel
infiltration, and mountain front recharge. The outflow components
included spring discharge, stream baseflow, groundwater underflow,
and evapotranspiration. The following sections discuss the
characteristics, water 1levels, inflows and outflows of the

predevelopment hydrologic system.
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Steady-State Water levels and Groundwater Flow

As mentioned earlier, water 1level data was generally
unavailable for the time around 1940, except in the agricultural
area of the Little Chino sub-basin. This data deficiency was
overcome, however, by utilizing water level and driller’s initial
depth-to-water measurements from later periods when a greater
distribution of data was available. Later data were utilized only
in those areas where little or no groundwater development had
occurred (for example, in the Upper Agua Fria sub-basin). By
following this policy it could be reasonably assumed that the later
data were still generally representative predevelopment conditions.

Two sets of predevelopment (circa 1940) water level contours
were prepared for the steady-state calibration (Plate 2). The
first set of contours corresponds to the configuration of the 1940
water levels of the unconfined Upper Alluvial Unit aquifer, which
extends throughout the model area. The second set shows the
configuration of the potentiometric surface of the confined-
unconfined Lower Volcanic Unit aquifer. It has been assumed that
there was little vertical head difference between the aquifers
outside the confined portion of the Little Chino sub-basin, and
therefore only one set of contours is shown beyond that area.

The 1940 water level contours shown on Plate 2 provide much
useful information concerning the steady-state groundwater flow
system. One of the most significant features of the groundwater
flow system was the groundwater divide which roughly separates the
Little Chino and Upper Agua Fria sub-basins. Groundwater flowed
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north from the divide into the Little Chino sub-basin and south
into the Upper Agua Fria sub-basin. The groundwater divide was
apparently located just to the south of the surface water divide
which is also located in that area.

The groundwater divide is closely associated with the two
major groundwater recharge areas of the Upper Agua Fria sub-basin.
On the western side of the sub-basin infiltration from ephemeral
stream flows recharged the Upper Alluvial Unit aquifer along the
gravelly channels of Lynx Creek, Clipper Wash, and the upper
reaches of the Agua Fria River. To the east, minor groundwater
underflow entered the sub-basin in the area south of the Indian
Hills, and recharge from ephemeral stream flow occured along the
channels of Yeager Cahyon and quote Wash (Plate 2). The estimated
recharge from mountain-front recharge and ephemeral stream channel
infiltration has been estimated to be about 2,500 acre-feet per
year for the Upper Agua Fria sub-basin. The derivation of natural
recharge estimates is discussed in greater detail in the next
section of this report.

In other parts of the model area groundwater flow originated
from recharge along the western slopes of the Indian Hills, and as
ephemeral stream channel infiltration from Granite Creek, Willow
Creek, and other small streams and washes. Natural recharge from
mountain-front recharge and ephemeral stream channel infiltration
has been estimated to have been about 4,500 acre-feet per year for
the Little Chino sub-basin during the predevelopment era.

Groundwater flowed northwest, from the Lonesome Valley area,
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toward the sub-basin outflows at and near Del Rio Springs (Plate
2). The predevelopment hydraulic gradient in the Lonesome Valley
area was very small (less than 10 feet per mile) compared to most
other parts of the model area. The small gradient indicates that
the deep, broad structural trough in that part of the sub-basin
provides a comparatively low resistance pathway for groundwater
flow. Groundwater flow in the western half of the Little Chino
sub-basin followed a steeper gradient which was directed mainly to
the north and east from the Granite Mountain and Granite Dells area
where infiltration from Granite Creek and Willow Creek recharged
both the alluvial and Lower Volcanic Unit aquifers (Plate 2).

Groundwater flow converged in the northwestern part of the
Little Chino sub-basin near Del Rio Springs. Examination of the
contours (Plate 2) reveals that a substantial increase in the
hydraulic gradient of both the Upper Alluvial Unit and Lower
Volcanic Unit aquifers (about 150 feet per mile in the Lower
Volcanic Unit aquifer) occurred in the area about 1 to 1.5 miles
south of Del Rio Springs.

This zone of increased gradient was interepreted by Schwalen
(1967) to be caused by a structural barrier located immediately
south of Del Rio Springs. Indeed, the geolgic analysis does
indicate the presence of a structural barrier in that area (Figure
7). However, there is also an abrupt decrease in the width of the
aquifer-system in that area; which also constricts groundwater flow
and causes an increase in the hydraulic gradient.

Another important feature of the predevelopment groundwater
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flow system in the artesian zone of the Little Chino sub-basin was
the upward vertical hydraulic éradient between the confined Lower
Lower Volcanic Unit aquifer and the unconfined Upper Alluvial Unit
aquifer. In that area the hydraulic head of the Lower Volcanic
Unit aquifer was as much as 100 feet greater than the head in the
Upper Alluvial Unit aquifer (Plate 2). The large vertical
hydraulic gradients existed ~in that area because vertical
groundwater flow was substantially restricted due to the presence
of impermeable confining layers. The upward gradient also
indicates that the Lower Volcanic Unit aquifer recieved recharge
from locations outside the artesian zone, and that there was little
head loss in the Lower Volcanic Unit aquifer until the underflow
reached the structural barrier south of Del Rio Springs.

Between the structural barrier and Del Rio Springs the
vertical hydraulic gradient lessens and groundwater flows from the
Lower Volcanic Unit to the Upper Alluvial Unit. At Del Rio Springs
most of the underflow is transmitted through the Upper Alluvial
Unit and groundwater discharge occurs from a cienega area, and from
the springs. The volume of groundwater discharged from the springs
during the predevelopment era was estimated using available gaging
data to be about 3,000 acre-feet per year (Table 1).

Although most of the groundwater underflow in the Little Chino
sub-basin was discharged at Del Rio Springs, some underflow was not
captured by the springs and exited the sub-basin through the
bedrock gap immediately south of Sullivan Lake -(Plate 2). The

volume of underflow which exited the Little Chino sub-basin was
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estimated using flow net analysis to range from 1,500 to 2,000
acre-feet per year during the bredevelopment era.

As mentioned earlier, a groundwater divide occured slightly
south of the surface water divide between the Little Chino sub-
basin and the Upper Agua Fria sub-basin. On the south side of the
divide groundwater flowed from the Lynx Creek, Coyote Wash, and
Yeager Canyon toward Humboldt. Hydraulic gradients in the Upper
Alluvial Unit aquifer ranged from about 10 to 20 feet per mile in
the northern portion of the Upper Agua Fria sub-basin to about 50
feet per mile in the southern portion near Humboldt. Groundwater
flow converged near Humboldt as the Upper Alluvial Unit aquifer
thinned and narrowed against the surrounding rocks of the Basement
Unit. About a half mile north of Humboldt the underflow
intersected the land surface to provide baseflow in the channel of
the Agua Fria River. Based on Wilson’s (1988) estimates, and on
other gaging data it is likely that predevelopment baseflow on the
Agua Fria River near Humboldt rénged from 1,500 to 2,500 acre-feet

per year.

Groundwater Recharge

During the predevelopment era the major source of groundwater
recharge to the Little Chino and Upper Agua Fria sub-basins was
from mountain front recharge and ephemeral stream channel
infiltration. It is assumed that 1little recharge occurs from
direct precipitation on the groundwater basin floors themselves,

because most of this water is initially absorbed by the soil, and
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is subsequently lost through evaporation and transpiration.

Estimates of the volume and distribution of natural recharge
in the model area have been made using stream gaging data and
watershed area measurements. The long-term natural recharge in the
model area from these sources has been estimated to have been about
7,000 acre-feet per yearAduring the predevelopment period. This
estimate is in excellent agreement with the combined estimates of
Schwalen (1967) who estimated that natural recharge in the Little
Chino sub-basin was about 5,000 acre-feet per year, and Wilson
(1988) who estimated typical recharge in the Upper Agua Fria sub-
basin was about 2,000 to 3,000 acre-feet per year.

The first step taken to estimate the volume and areal
distribution of natural recharge was to estimate the runoff or
discharge rate per square mile for the Granite Creek and Willow
Creek watersheds. This was accomplished using the 1933-1947 stream
gage data for Granite and Willow Creeks (Table 2), and watershed
areas.

Examination of the stream flow data for Granite and Willow
Creeks (Table 2) reveals that the average stream flow for the two
creeks was about 4,800 and 1,400 acre-feet per year, and the median
flow was about 2,300 and 900 acre-feet per year, respectively, for
the period 1933—1947, According to historical accounts most of the
stream flow on Granite and Willow Creeks infiltrates into the sandy
river channel within a short distance of the point where the
streams join north of Granite Dells and flow north across the

Little Chino sub-basin (Schwalen, 1967, p. 51). Only in unusually
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wet years does any runoff from Granite and Willow Creeks reach the
lower end of the sub-basin.

Since runoff typically infiltrates into the channel of Granite
Creek it is assumed that much of the water eventually recharges the
groundwater system. Previous modeling studies in central Arizona
have shown that long-term recharge from ephemeral streams which
discharge into groundwater basins may be reasonably estimated from
annual stream flow data (Corkhill and others, 1993, p.42). 1In this
study it has been assumed that the median annual flow provides a
reasonable approximation of potential recharge from the Granite and
Willow Creek watersheds. Based on the available gaging data, it is
estimated that the long-term recharge from the Granite and Willow
Creek watersheds was about 2,300 and 900 acre-feet per vyear,
respectively, during the predevelopment era.

Once the annual reéharge per watershed was estimated for
Granite and Willow Creeks it was then possible to estimate the
recharge for other watersheds of varying size. This was
accomplished by measuring each watershed’s surface area, and then
dividing the annual recharge total by the estimated watershed area.
The estimated recharge for the Granite Creek watershed was about 48
acre-feet per square mile, and the estimated recharge for the
Willow Creek watershed was about 39 acre-feet per square mile
(Table 3). Based on an annual precipitation rate of about 19.5
inches per year, the recharge estimates represent about 4 to 5
percent of the annual precipitation on the Granite Creek and Willow

Creek watersheds (ADWR, 1994a).
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Natural recharge for other watersheds in the model area was
estimated using the following procedure. First, the boundary and
surface area of each watershed was measured (Figure 8). Second,
the average annual precipitation on each{ watershed was estimated
from the annual precipitation contours (Figure 8) (ADWR, 1994).
Third, the average annual precipitation rate for each watershed was
normalized as a percentage of the average annual precipitation rate
for the Granite Creek and Willow Creek watersheds (about 19.5
inches per year). Fourtﬁ, the normalized watershed precipitation
rates were multiplied by the average éstimated annual recharge rate
for the Granite Creek and Willow Creek watersheds (about 44 acre-
feet per square mile) to give the estimated recharge rate per
square mile of watershed (Table 3). Finally, the total annual
median recharge per watershed was estimated by multiplying the

individual recharge rates by the watershed surface areas (Table 3).
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TABLE 2
SUMMARY OF INFLOW TO WATSON AND WILLOW LAKES

(ACRE-FEET)
YEAR WATSON LAKE WILLOW CREEK
INFLOW " INFLOW
1933 * 895 436
1934 625 495 I
1935 6,485 1,404 |
1936 985 580 |
1937 14,775 3,750 1
[ 1938 6,020 1,750
1939 2,090 830
1940 1,530 710
| 1941 19,300 4,770
| 1942 2,070 830 ﬂ
[ 1943 2,750 970
l1944 4,415 1,370 |
1945 3 7,555 2,025
| 1046 2,330 900
[ 1947 615 485
TOTAL 72,440 21,305
IlMEAN 4,829 1,420
| MEDIAN 2,330 900
NOTES:

1 Data from Table 5, p. 20. Schwalen (1967).

2 Records for water years 1933-1944 from a 1946 Report
by Bureau of Reclamation, as referenced in Schwalen
(1967) .

3 Records for 1945-1947 adjusted from USGS records of

Granite Creek near Prescott, as referenced in Schwalen
(1967) .
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TABLE 3
ESTIMATED NATURAL RECHARGE IN THE PRESCOTT MODEL AREA
(FIGURES ARE ROUNDED TO NEAREST 50 ACRE-FEET)

WATERSHED AREA ! | AVERAGE MEDIAN
PRECIP.? | RECHARGE
RATE °
MILES® | INCH/YR | AF/MI?
WILLOW CREEK 23.3 19 39
SOUTH GRANITE CREEK 49.1 20 48 2,350

|| GRANITE MOUNTAIN 3.6 18 41 150

IIWEST INDIAN HILLS 3.2 14 32 100

nCOYOTE SPRINGS 10.1 16 36 350
WILDCAT DRAW 7.4 14 32 250 “
NORTH GRANITE CREEK | 21.4 12 27 0

Il NORTH SULLIVAN BUTTES 4.4 12 27 0

IISOUTH SULLIVAN BUTTES 7 14 32 300
LYNX CREEK 40.4 19 43 1,700
GLASSFORD HILL 1.1 16 36 50
GREEN GULTCH 14.2 16 36 0
TEXAS GULTCH 8.9 13 29 0

| crapEVINE GuLTCH 7.1 14 32 200
YEAGER CANYON 15.4 16 36 550
EAST INDIAN HILLS 1 14

NOTES:

1 Estimated watershed areas include only mountainous highland areas, and may
therefore vary slighlty from other area estimates.

2 Estimated precipitation rates from Figure II-5 (ADWR,1993a).

3 Granite and Willow Creek recharge rates were estimated to equal the median
annual streamflow on those creeks for the period 1933-1947, divided by the
watershed areas. Rates for other watersheds were estimated by normalizing
the individual watershed precipitation rates to the average Granite and
Willow Creek rate of about 19.5 in./yr., and then multipying the normalized
precipitation rate by the average Granite Creek and Willow Creek recharge
rate of about 44 acre-feet per sg. mile.

4 Annual watershed recharge is estimated to be zero for some

watersheds which are located at or near sub-basin outflow areas.
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Natural recharge estimates have been calculated using the best
(and only) data currently available. The estimated total natural
recharge from all watershed areas was about 4,400 acre-feet per
year for the Little Chino.sub-basin, and about 2,600 acre-feet per
year for the Upper Agua Fria sub-baSin during the predevelopment
era. These rates compare favorably with the individual estimates
proposed by Schwalen (1967) for the Little Chino sub-basin of about
5,000 acre-feet per year, and Wilson (1988) for the Upper Agua Fria
sub-basin of about 2,000 to 3,000 acre-feet per year. Additional
support for the recharge estimates is provided by the natural
discharge and underflow data and estimates which are discussed in

the next section of this report.

Groundwater Discharge

Since steady-state conditions are indicated when recharge and
discharge are in approximate balance, then the predevelopment
natural recharge and discharge should have been about equal.
Natural discharge from the Little Chino sub-basin is estimated to
have been about 4,500 Tb 5,000 acre-feet per year (about 3,000
acre-feet per year as spring discharge and evapotranspiration at
Del Rio Springs, and about 1,500 TO 2,000 acre-feet per year as
groundwater underflow to the Big Chino sub-basin). Natural
discharge from the Upper Agua Fria sub-basin is estimated to have
been about 1,500 to 2,500 acre-feet per year (mainly as perennial
stream baseflow and evapotranspiration along the Agua Fria River

near Humboldt). The estimated total discharge from the
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predevelopment groundwater system in the model area was about 6,000
to 7,500 acre-feet per year.

Although evapotranspiration has been mentioned, it thought to
have not been a significant source of discharge from the
groundwater system. Evapotranspiration was confined to a few sparse
cottonwood trees and the cienega area near Del Rio Springs, and to
a few medium to dense stands of cottonwoods along the Agua Fria
River near Humboldt. Riparian growth was estimated from airphotos
and USGS topographic maps to have covered an area of about 40 acres
in the Del Rio Springs area, and about 35 acres along the Agua Fria
River near Humboldt. Assuming average evapotranspiration rates
range from about 2 to 5 acre-feet per acre (Culler, and others,
1982) the total evapotranspiration from the groundwater system was
probably no more than a few hundred acre-feet per year. Due to the
small magnitude of the evapotranspiration losses, and the close
proximity of the riparian communities to the points of natural
discharge, the evapotranspiration losses have been grouped with

other natural discharge componénts in the conceptual water budget.

Conceptual Water Budget

A conceptual water budget for the predevelopment period (circa
1940) has been prepared (Table 4). The budget inflows include
mountain-front recharge, and recharge from ephemeral stream channel
infiltration. The budget outflows include spring discharge, stream

baseflow, evapotranspiration, and groundwater underflow.
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TABLE 4
CONCEPTUAL PREDEVELOPMENT WATER BUDGET (CIRCA 1940)
(FIGURES ROUNDED TO NEAREST 100 ACRE-FEET)

INFLOW AF/YR
MOUNTAIN-FRONT RECHARGE AND
EPHEMERAL STREAM CHANNEL 7,000
RECHARGE (1)
Ir TOTAL INFLOW 7,000 ‘"|
|| OUTFLOW AF/YR |
SPRING BASEFLOW (2) 3,000 '
STREAM BASEFLOW (3) 2,000
UNDERFLOW (4) 2,000 |
TOTAL OUTFLOW _ 7,000 “

NOTES:

1) Long-term estimates for model area made using
streamgage, precipitation, and watershed area data (see
text for details).

2) Spring baseflow at Del Rio Springs includes
estimated evapotranspiration (approx. 100 AF/yr).

3) Stream baseflow discharge along the Agua Fria River
near Humboldt includes estimated evapotranspiration
(approx. 100 AF/Yr).

4) Groundwater underflow to Big Chino sub-basin, north of
Del Rio Springs.

III. THE DEVELOPED HYDROLOGIC SYSTEM (1940-1993)
Developed Groundwater Conditions

Around 1940, a period of significant groundwater development
began in the model area. Prior to that time there was little
exploitation of the groundwater resources of the Little Chino and

Upper Agua Fria sub-basins. Long-term groundwater recharge and
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discharge were in approximate balance, water levels remained more-
or-less constant, and steady-state groundwater conditions
generally prevailed.

Steady-state groundwater conditions ended in the Little Chino
sub-basin around 1940 due to the major increase in groundwater
pumpage for agricultural irrigation. According to Schwalen (1967)
the use of artesian water for irrigation was just beginning in
1937, and the annual and seasonal lowering in artesian pressure had
become a cause for concern (Schwalen, 1967, p. 11).

Farming and ranching operations also began in the Upper Agua
sub-basin during the mid-1930’s (Wigal, 1988). However, the'amount
of acreage farmed was small, and the volume of groundwater pumped
was insufficient to significantly alter the long-term equilibrium.
Near steady-state groundwater conditions probably existed in the
Upper Agua Fria sub-basin until the mid-1960's when agricultural
development and groundwater pumpage both increased significantly.

The period of groundwater development from 1940 to the late
1970's and early 1980‘s was generally characterized by increased
groundwater pumpage and significant water level declines in many
parts of the model area (see hydrographs, Plate 2). From the late
1970’s to the present time the rate of water level decline has
lessened substantially in many parts of the model area. In some
areas water levels have stabilized or risen. The stabilization and
rise of water levels in certain areas is attributed to substantial
decreases in cropped acreage and agricultural groundwater pumpage,

and also due to an increase in groundwater recharge from major
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flood events.

The era of groundwater development from 1940-1993 serves as
the tfansient-state model simulation period. The 1940-1993 period
was selected as the transient model calibration period. The various
components of groundwater inflow and outflow have been identified
and analyzed for this period of groundwater development. The
inflow components include incidental recharge, ephemeral stream
channel infiltration, mountain-front recharge, and artificial
recharge. The outflow components include groundwater pumpage,
spring discharge, stream baseflow, groundwater underflow, and
evapotranspiration. The following sections discuss the
characteristics, water 1levels, inflows and outflows of the

developed groundwater system.
Transient Water Levels and Groundwater Flow

Between 1940 and 1960 agricultural pumpage had caused water
level declines in both the Upper Alluvial Unit and Lower Volcanic
Unit aquifers throughtout most of the Little Chino sub-basin (Plate
2). Water level declines in excess of 40 feet were noted in the
much of the confined area of the Lower Volcanic Unit aquifer.
Water level declines decreased in both aquifers towards the
southern and eastern margins of the Little Chino sub-basin. Water
level declines were probably minimal in the Upper Agua Fria sub-
basin.

Although groundwater declines occurred in most of the Little

Chino sub-basin, the general pattern and direction of groundwater
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flow in 1960 was still very similar to the steady-state,
predevelopment flow patterns of 1940. However, in the agricultural
area of the Little Chino sub-basin, water levels remained constant
or rose in the shallow Upper Alluvial Unit aquifer (see shallow
well hydrographs, Plate 2).

In this area "perched" water levels developed due to the
presence of intervening, fine-grained layers in the vadose zone
which substantially restricted the downward flow of excess, deep-
percolating irrigation water. It is also possible that the zone of
shallow water levels delineated a groundwater mound in the Upper
Alluvial Unit aquifer, under which there was no unsaturated zone.
Hydrographs of shallow Upper Alluvial Unit aquifer wells indicate
that the area of perched or mounded water levels continued to
develop until sometime in the late 1960’'s or early 1970°’s.

One interesting feature of the transient groundwater system
was the seasonal fluctuation of water levels (Figure 9). The
extreme fluctuations were the result of the seasonal variation in
agricultural pumpage. Seasonal fluctuations of about 40 feet
occured in the confined Lower Volcanic Unit aquifer between the low
water level summer pumping season, and the high water level winter
non-pumping season (Figure 9).

Seasonal water level fluctuations in the "perched" area of the
Upper Alluvial Unit aquifér were smaller in magnitude and opposite
in direction. Summer water levels rose by 10 to 20 feet in
response to excess agricultural recharge, and declined during the

non-irrigation season winter months (Figure 9).
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From 1961 to the late 1970’'s and early 1980’s water levels
continued to decline in much of the model area (Plate 2). By 1981,
groundwa:er pumpage had caused water level declines of about 70 to
80 feet from predevelopment levels in the the confined zone of the
Lower Volcanic Unit aquifer in the Little Chino sub-basin. By 1981
the vertical hydraulic gradient between confined Lower Volcanic
Unit aquifer and the unconfined Upper Alluvial Unit aquifer had
decreased substantially from the predevelopment gradient, and
annual groundwater discharge to Del Rio Springs had declined from
about 3,000 to around 2,200 to 2,400 acre-feet per year (Table 1).
In the Lonesome Valley area water levels declined by 40 to 60 feet
from predevelopment levels. By the end of the 1970’'s water levels
in the "perched" or *mounded" area had also begun to decline due to
the increase of shallow domestic well pumpage (Plate 2).

By 1981, groundwater pumpage in the Upper Agua Fria sub-basin
had created a localized cone of depression in the Prescott Valley
area (Plate 2). Groundwater discharge as baseflow on the Agua Fria
River near Humboldt was reduced from predevelopment levels of about
1,500 to 2,500 acre-feet per year to about 1,100 acre-feet per year
(Table 1).

As mentioned earlier, the general rate of water level decline
decreased substantially during the late 1970‘s and 1980‘s (see
hydrographs, Plate 2). The recent stabilization of water levels in
some wells does not necessarily signal a return to steady-state
conditions within the model area. The stabilization trend is

probably a transient phenomenon which reflects the groundwater
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system’s temporary adjustments to a new reduced pumpage regime, and
a period of increased precipitation (Figure 10), and increased
natural recharge from major flood flows.

From the early 1980’'s to 1993 water 1levels continued to
decline in many parts of the model area, however the rate of
decline was less than in previous periods (see hydrographs, Plate
2). In the northwestern section of the agricultural area of the
Little Chino sub-basin water levels declined by 10 to 20 feet in
the Lower Volcanic Unit (Plate 3). Water levels also declined by
as much as 40 feet in the "perched" or "mounded* zone of the Upper
Alluvial Unit aquifer (Plate 3). The water level decline in the
"perched" zone is attributed to the reduction in agricultural
recharge and an increse in shallow domestic well pumpage which taps
the "perched" zone. Water level declines in the Upper Alluvial
Unit aquifer near Humboldt generally measured less than 5 feet.

Water levels rose slightly (5 to 10 feet) or remained stable
in the northern and western sections of Lonesome Valley in the
Little Chino sub-basin (Plate 3). Water levels also rose in some
wells in the Prescott Valley area, and along Lynx Creek in the
Upper Agua Fria sub-basin. It should be noted that the areas of
water level rise were generally located near the major surface
water drainages in the model area. It is believed that increased
recharge from flood flows partially accounts for the rises in these

areas.

The 1993 Upper Alluvial Unit and Lower Volcanic Unit aquifer
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water levels are shown in Plate 2. The orientation of the contours
indicates that the general directions of groundwater flow have
remained very similar to the predevelopment flow patterns (circa
1940) . Composite Upper Alluvial Unit and Lower Volcanic Unit water
level data from 1994 are shown in Plate 3. The depth-to-water in
1994 is also presented in Plate 3.

The recent (1993-1994) water level data shows that the east-
west oriented groundwater‘divide still exists in the northern part
of the Upper Agua Fria sub-basin (Plates 2 and 3). Groundwater
flows north from the divide into the Little Chino sub-basin, and
south into the Upper Agua Fria sub-basin. Groundwater underflow
still converges at the basin outflows near Del Rio Springs, and
Humboldt. 1In 1993, the estimated groundwater underflow through the
bedrock narrows northwest of Del Rio Springs was about 1,500 acre-

feet per year (estimate based on flow-net analysis).

Groundwater Recharge

The major sources of groundwater recharge for the 1940-1993
transient model <calibration period are divided into four
categories: 1) agricultural recharge, 2) natural recharge (with
individual flood events analyzed seperately), 3) artificial
recharge, and 4) canal recharge. It should be noted that minor
incidental recharge may also be generated by septic tanks in areas
where the depth-to-water is shallow, such as in the perched water
table area of the Little Chino sub-basin. However, the total

volume of recharge from septic tanks is assumed to be negligible
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when compared to the other sources of recharge, and therefore
recharge from septic taﬁks was not simulated in this modeling
study.

The recharge estimates discussed and tabulated in this report
represent either long-term average values or maximum potential
values. The natural recharge estimates were long-term average
estimates, and therefore natural recharge in any particular year
may be greater than or less than the tabulated value. Annual
recharge volumes from agricultural irrigation, canal leakage, and
flood flows were estimated at levels which were believed to be the
maximum potential value for any specific year. Due to this
differrence between the two types of recharge estimates the natural
recharge estimates remained unchanged during the model calibration,
while the maximum potential estimates were subject to reduction if
necessary.

The estimated maximum,potential recharge from all sources for
the period 1940-1993 was about 770,000 acre-feet. Annual recharge
estimates are tabulated for both the Little Chino and Upper Agua
Fria sub-basins (Tables 5 and 6). The methodologies utilized to

make the estimates are discussed in the following sections.

1) Agricultural Recharge

Recharge of excess agricultural irrigation water represents
the single, largest source of groundwater recharge during the
period of groundwater development from 1940-1993. Agricultural

recharge estimates were made using the maximum potential recharge
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TABLE 5
ESTIMATED RECHARGE LIC SUB-BASIN (1940-1993)

(ACRE-FEET)
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